The bead-spring mesoscopic model used for cellulose nanocrystals (CNCs) is representative of cellulose I with the Iβ crystal structure. This particular cellulose structure was considered given its abundance in nature and extensive experimental and computational characterization. 1-2 In this model, CNCs with exposing (110) surfaces, consisting of a 36-chain structure (cross-section: 3.57 nm by 3.38 nm), were mapped to coarse-grained (CG) beads, consistent with experimental observations. 3-4 The CG bead radius was set at , R = 17 Å representing 3 repeat-units of atoms (4536 total atoms, 10.38 Å in length) along the axial direction. The equilibrium bond length was , per the geometry, and the mass for the b 0 = 31.14 Å CG bead was approximately 35000 g/mol. The crystals employed in simulations are approximately 1 micron long, which are similar to the dimensions of CNCs found in tunicates. 1 All-atomistic molecular dynamics (MD) mechanical characterization simulations, including uniaxial tensile, 3-point bending, and adhesion energy calculations, were carried out to Electronic Supplementary Material (ESI) for Nanoscale Advances. This journal is © The Royal Society of Chemistry 2019
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Sensitivity of projectile nonbonded potential on impact response
The sensitivity of the nonbonded potential between the projectile and film on the impact response was explored. For the range of the Lennard Jones well depth for the projectile-film interaction, ε pf , examined herein (0.1 < ε pf < 1000 kcal/mol), the magnitude of the potential was found to minimally affect the predicted dynamic response (Figures S1a-b). With increasing ε pf , the noise in the projectile force history increased; however, the mean force response during the primary impact event remained approximately constant. At large initial velocities, high ε pf (> 500 kcal/mol) values corresponded to higher projectile reaction forces during the penetration process as the projectile lost velocity ( Figure S1b ). This can be attributed to increased friction between the projectile and the film. 
Structure deformation and damage
To further analyze the structural response during impact, impact simulations with relatively low initial velocity (V 0 = 250 m/s, a velocity below every ) were conducted to V 50 quantify the number of bonds broken during the impact event. As shown in Figure S2 , Bouligand films with a relatively large number of bonds broken at velocities well below V 50 correlated with inferior impact resistance ( Figure 2 ). The significance of this correlation was examined using a linear regression, which showed a strong linear relationship between /ρ and the number of V 50 bonds broken (P slope < 0.001). This means that structural integrity is likely an important feature of Bouligand microstructures with high impact tolerance. linear model and the filled area is the 95% mean confidence interval.
Quasi-static nanoindentation analysis
To identify any material property contributions to impact resistance, nanoindentation simulations were carried out on each of the Bouligand films. The nanoindentation simulations followed the same minimization and equilibration procedure as the ballistic tests. After equilibration, the Bouligand films were indented by a spherical indenter with a radius of 80 nm at their geometric center and a constant rate of 1 m/s. A purely repulsive, harmonic interaction was assumed between the indenter and the CNC films, represented by , where
is the force constant (5000 ), is the distance from an atom to the center of the
indenter with a radius of . The indenter was treated as rigid and the magnitude of the harmonic potential had minimal influence on the observed behavior; indenter force and indentation depth were monitored during the simulations. The peak force and nanoindentation work done until the peak force was reached were extracted during the simulations. Five independent simulations were conducted for each structure. Linear regression analyses failed to provide sufficient evidence (P slope > 0.05) to reject the null hypotheses of nonzero relationships between quasistatic film material properties and ballistic performance ( Figure S3 ). 
Interlayer interactions for different Bouligand microstructures
To show the influence of pitch angles on the interlayer interactions, nonbonded pairwise interactions between adjacent layers were calculated through direct summation for each Bouligand structure. The average interlayer energy is plotted against pitch angle in Figure S4 .
These data support that Bouligand microstructures with pitch angles in the optimal performance range tend to have smaller interactions (Figure 5c ).
Figure S4:
Relationship between interlayer energy and pitch angle.
Crack twisting in Bouligand film
Experimental and theoretical investigations have shown that crack twisting is an important mechanism for Bouligand structures to enhance their impact resistance. [10] [11] [12] This crack twisting phenomenon was readily apparent during penetrating impacts of certain Bouligand films ( Figure S5 ). Crack twisting between different layers greatly increases crack path lengths and surface areas through the thickness of films. This reduces the strain energy release rate to enhance ballistic performance. Smaller interlayer interactions ( Figure S4 ) further contribute to crack twisting via increased interlayer openings and improved crack deflection, leading to superior impact resistance. 
Splitting failure in Bouligand films
For Bouligand microstructures with very small pitch angles (< 6°), CNC films tend to fail by fiber splitting, as only the fibers directly under the projectile support the impact and there lacks effective force and energy transfer mechanisms within the films. Figure S6 shows snapshots of aligned, unidirectional (γ=0) CNC film failure with splitting. 
Effect of interfacial properties on failure mechanisms in Bouligand films
The strength of nonbonded, interfiber interactions also affect the failure mechanisms exhibited by CNC Bouligand thin films. For the most part, as the strength of the nonbonded interaction increases (increasing D 0 ), so too does the number of intra-CNC bonds broken ( Fig.   S7 ). That being said, the interplay between D 0 and holistic film failure is complex and not well captured by a single metric like the number of bonds broken. The amount of interlayer sliding is also dictated by the strength of the nonbonded interaction, with higher D 0 leading to less sliding, higher effective interlayer shear stiffness, and less local fiber fragmentation (Fig. S8 ). These factors combine to facilitate premature projectile penetration and reduced ballistic resistance ( Fig. 5a ). 
